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Abstract
Oxidative stress induces apoptosis in liver parenchymal cells. The present study demonstrates that the substitution of
fructose for glucose as sole carbon source in the incubation medium reduced apoptosis due to reoxygenation up to 50% in
cultured rat hepatocytes. This anti-apoptotic action of fructose cannot be explained by the effects of this sugar on the
intracellular ATP concentration and the ATP/ADP ratio. Rather, the suppression of apoptosis by fructose seems to be a
consequence of remarkably higher intracellular levels of glutathione observed during reoxygenation in fructose-fed
hepatocytes in contrast to glucose-fed ones. With fructose as substrate, the generation of excess reactive oxygen species
(ROS) during the initial phase of reoxygenation was strongly reduced. With respect to ROS reduction and stabilization of the
cellular glutathione pool fructose was found as efficient as a pretreatment of glucose fed cells with N-acetyl-L-cysteine. The
enhanced metabolization of ROS by the glutathione/glutathione peroxidase system in fructose-cultured hepatocytes under
reoxygenation was expected to improve their mitochondrial status so that late events in the apoptotic pathway are
suppressed. This could be confirmed by the reduced release of cytochrome c from mitochondria into the cytosol as well as by
the observed decrease of caspase-3 activity during reoxygenation. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Prolonged hypoxia provokes severe liver damage
which is characterized by hepatocytes dying mainly
with necrosis [1]. The e¡ects of the deprivation of
oxygen on metabolism and viability of hepatocytes
have been investigated in a series of papers with the
aim of improving the survival of cells [2^5]. Less
attention has been paid to the consequences of oxi-
dative stress to which hepatocytes are exposed during
the restoration of oxygen supply after hypoxia.
Under these conditions enhanced hepatocyte apopto-
sis is observed [6,7]. In contrast to necrosis, the phys-
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iological form of cell death requires that ATP is
available and the complete internal death program
can be executed [8].
The defense of hepatocytes against oxygen depri-
vation is characterized by a maintained down-regu-
lation of energy-demanding and -supplying path-
ways. A new hypometabolic steady state with
drastically decreased cellular ATP levels is then ap-
proached since oxidative phosphorylation by mito-
chondria is prevented [2,9]. With reoxygenation after
hypoxia increased levels of reactive oxygen species
(ROS) including hydrogen peroxide and hydroxyl
radicals are produced as byproducts of the mito-
chondrial electron transport [10]. An uncontrolled
production of ROS is the result of an imbalance of
their generation and the endogenous antioxidant de-
fense [10]. Excess amounts of these species promote
apoptosis by causing lipid peroxidation, glutathione
depletion, protein modi¢cation or DNA damage
[11,12]. In low concentrations ROS act in the regu-
lation of gene expression through the activation of
certain transcription factors that are dependent on
the cellular redox state [13,14].
Mitochondria are not only the main source of
ROS but also a major target of these species
[15]. Excess ROS cause the formation of a perme-
ability transition pore in the outer membrane, fol-
lowed by the translocation of the apoptogenic
proteins cytochrome c [16] and apoptosis-inducing
factor (AIF) [17] from mitochondria into the cytosol.
The release of cytochrome c is a generally accepted
criterion for mitochondrial damage [18]. Cytosolic
cytochrome c contributes to the ATP-dependent for-
mation of the apoptosome [19] which activates pro-
caspase-3. This process starts the cascade of execu-
tionary caspases driving the cell inevitably into
apoptotic death.
Hepatocyte damage after oxidative stress occurs in
the presence of glucose, the physiological substrate.
During hypoxia an increased cytoprotection against
necrosis may be achieved by alternative substrates
which are faster metabolized via anaerobic glycolysis,
the only mechanism for ATP generation in the ab-
sence of oxygen in these cells [9]. With the restora-
tion of the oxygen supply, oxidative phosphorylation
meets the cellular energy demand but hepatocytes are
now attacked by ROS which can induce apoptosis.
Under these conditions the cytoprotective action of
carbohydrate substrates depends on their ability to
contribute to the degradation of excessive ROS.
Fructose is long known to favor glycolysis and to
protect hepatocytes against necrosis provoked by
hypoxia [3^5]. Whether this ketohexose may be also
superior to glucose with respect to a suppression of
apoptosis due to reoxygenation and, if so, by what
mechanism, has not yet been studied.
Under normoxic conditions cultured rat hepato-
cytes were preincubated with media containing di¡er-
ent carbohydrates as sole carbon source and exposed
to severe hypoxia for a de¢ned period. Then oxygen
supply was restored and the e¡ects of substituting
fructose for glucose on enhanced apoptotic cell death
induced by reoxygenation were investigated. The dif-
ferent forms of cell demise were studied by monitor-
ing the changes in nuclear morphology as visualized
after staining with bisbenzimide and propidium io-
dide (PI). To monitor the glycolytic £ux and the en-
ergy state of the cells, the time courses of lactate
production and the intracellular levels of ATP and
ADP were determined. The in£uence of di¡erent car-
bon sources and liver-protective agents on the cellu-
lar redox state and ROS levels was studied. Intra-
cellular ROS concentrations were detected with
dichlorodihydro£uorescein diacetate (DCFH-DA)
as a probe for hydrogen peroxide and quanti¢ed by
means of £ow cytometry. Intracellular levels of total
and oxidized glutathione were determined. To prove
irreversible mitochondrial damage by ROS, the re-
lease of cytochrome c from mitochondria into the
cytosol was analyzed by means of Western blotting.
As a late event in the apoptotic pathway the activa-
tion of caspase-3 was determined using the £uoro-
genic peptide Ac-DEVD-CMA. The obtained results
allow an explanation of the e¡ects of di¡erent car-
bohydrate substrates on the hepatocellular defense
against oxidative stress.
2. Materials and methods
2.1. Materials
Medium 199 with 25 mM HEPES, normal and
dialyzed fetal calf serum (FBS), glutamax-I, and
MEM vitamins were purchased from Gibco-BRL
Life Technologies (Paisley, UK). Rat tail collagen
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was obtained from Serva, Percoll from Amersham
Pharmacia Biotech, and glutathione reductase was
from Roche Diagnostics. N-Acetyl-L-cysteine
(NAC), DL-buthionine-[S,R]-sulfoximine, 5,5P-dithio-
bis(2-nitrobenzoic acid) (DTNB), acetyl-L-aspartic-L-
glutamic-L-valyl-L-aspartic acid 4-methyl-coumaryl-
7-amide (Ac-DEVD-AMC) and 7-amino-4-methyl-
coumarin (AMC), the £uorescent dyes Hoechst No.
33258 and PI were obtained from Sigma; 2P,7P-di-
chlorodihydro£uorescein-diacetate (DCFH-DA) and
dihydrorhodamine were purchased from Molecular
Probes (Eugene, OR, USA). Mouse monoclonal
anti-cytochrome c antibody (7H8.2C12) was from
PharMingen (San Diego, CA, USA). All reagents
were of analytical reagent grade.
2.2. Isolation of hepatocytes
Hepatocytes were isolated from adult male Wistar
rats (180^250 g) by circulated perfusion with colla-
genase according to Seglen [20]. Hepatocytes were
further puri¢ed by isodensity centrifugation in
Percoll [21]. Initial viability was assessed by trypan
blue exclusion and averaged s 90%. Freshly iso-
lated hepatocytes were seeded on 32-mm plastic
dishes (Nunc) precoated with rat tail collagen at
a density of 5U104 cells/cm2 in M199 supple-
mented with 100 U/ml penicillin, 100 Wg/ml strepto-
mycin, and 10% FBS as plating medium. All experi-
ments were performed after incubating the cells
overnight.
2.3. Hypoxia^reoxygenation treatment
The cells were washed twice with PBS and 1.5 ml
of the prepared incubation medium were added. Dul-
becco’s inorganic salts with 25 mM HEPES were
adjusted to pH 7.4. The osmolarity was balanced
with NaCl. This base medium was supplemented
with glutamax-I, MEM vitamins, antibiotics, and
5% of dialyzed FBS. Amino acids were omitted. Ei-
ther 5.5 mM glucose (glc-DMEM) or 20 mM fruc-
tose (fru-DMEM) were added as sole carbon source.
Before the onset of hypoxia, the cells were preincu-
bated under the indicated conditions and normoxia
for 0.5 h. Then the cells were placed at 37‡C in an
anaerobic glove box. Hypoxic conditions were
achieved by £ushing with a gas mixture of 95% ar-
gon/5% CO2 (v/v) [22]. For reoxygenation, the cells
were supplied with fresh medium and incubated in
ambient air with 5 vol.% CO2 (normoxia).
2.4. Assay of adenine nucleotides
Cells were extracted with 350 Wl of ice-cold 5%
perchloric acid containing 5 mM EDTA [23]. After
30 min the samples were centrifuged at 10 000Ug
and 4‡C for 10 min. Two hundred and eighty Wl
of supernatant were neutralized with 360 Wl of neu-
tralizing solution containing 83 mM KCl, 42 mM
TES, and 550 mM KOH. After a 15-min incuba-
tion on ice, the samples were centrifuged again.
ATP was estimated with the ¢re£y-luciferase^lucifer-
in system [24,25]. ADP was phosphorylated with py-
ruvate kinase and measured as ATP. ADP in the
presence of high ATP content was assayed after en-
zymatic degradation of ATP to AMP by ATP sulfur-
ylase [26].
2.5. Determination of glutathione
The cells were washed two times with ice-cold
PBS. One hundred Wl of lysis bu¡er (10 mM sodium
phosphate (pH 7.4), 5 mM EDTA) were added and
the dishes were frozen immediately at 380‡C. After
thawing, the cell suspension was transferred into a
microcentrifuge tube and 50 Wl of 10% sulfosalicylic
acid were added to 100 Wl of cell lysate. The samples
were centrifuged at 10 000Ug and 4‡C for 5 min. The
supernatant was neutralized with 0.3 M KOH in 20
mM HEPES and used for glutathione quanti¢cation
by the recycling method of Tietze [27]. To determine
total glutathione, 50 Wl of neutralized sample were
treated with a mixture of 0.3 mM DTNB and 0.2
mM NADPH in 63 mM sodium phosphate bu¡er
(pH 7.5), 2 mM EDTA in a total volume of 1.24
ml. The reaction was started with 20 Wl of gluta-
thione reductase (0.5 U). The glutathione content
was calculated from the absorption at 412 nm by
means of a calibration curve. To assay GSSG, 3 Wl
of 2-vinylpyridine were added to 100 Wl of sample to
conjugate to GSH [28]. The mixture was neutralized
with 6.5 Wl of 2 M triethanolamine solution and in-
cubated at 25‡C for 1 h. One hundred Wl of the
sample were used for glutathione determination as
described above.
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2.6. Determination of hydrogen peroxide
A 200-WM concentration of hydrogen peroxide
was incubated with 2 mM pyruvate, lactate, 5.5
mM glucose, 20 mM fructose, or tagatose in 125
mM potassium phosphate bu¡er (pH 7.4), 0.5 mM
EDTA in a ¢nal volume of 2 ml at 37‡C in the
absence of cells [29]. The residual concentration of
hydrogen peroxide was measured by the decrease in
the £uorescence intensity of 2 WM scopoletin (excita-
tion: 366 nm; emission: 460 nm) in the presence of
22 nM horseradish peroxidase at a Perkin-Elmer
spectro£uorimeter LS 50B [30]. The concentra-
tion of stock solution of hydrogen peroxide was
obtained from absorption at 240 nm by using
Am = 40 M31 cm31.
2.7. Fluorescence microscopy
Hepatocytes were stained with bisbenzimide
(Hoechst No. 33258) and PI (5 Wg/ml) for 10 min
and analyzed under a £uorescence microscope
(Axiovert 135, Zeiss, Jena, Germany) with UV exci-
tation (360 nm) [31,32]. Nuclei of viable, ‘early’ or
‘terminal’ apoptotic, and necrotic cells, were ob-
served as blue round nuclei, fragmented blue or
pink nuclei, and round pink nuclei, respectively.
Apoptosis/viability ratios were determined by scoring
low-magni¢cation photographs of randomly selected
¢elds for cells with condensed and fragmented nu-
clear morphology. More than 250 cells were counted
per sample.
2.8. Flow cytometry
Peroxide production was monitored by £ow cyto-
metry using the stable non-polar dye DCFH-DA,
which readily di¡uses into the cells [33] where the
acetate groups are cleaved by intracellular esterases
to yield dichlorodihydro£uorescein, which is oxidized
by hydrogen peroxide or low molecular mass perox-
ides, releasing the highly £uorescent compound 2P,7P-
dichloro£uorescein (DCF). After exposure to hypox-
ia and subsequent reoxygenation, either with glucose
or with fructose as substrate, hepatocytes from cul-
ture dishes were washed with PBS, detached with
trypsin/EDTA, and incubated with agitation for 30
min in 2 ml of PBS containing 5 WM DCFH-DA at
37‡C. The last 10 min PI (10 Wg/ml) was added to
each tube for identi¢cation of non-viable cells. The
cells were washed twice with PBS to remove the
extracellular dyes and placed on ice [12]. The cells
were analyzed on a FACSCalibur £ow cytometer
(Becton Dickinson, excitation: 488 nm). For DCF
analysis (emission: 525 nm), only PI-negative (viable)
cells were acquired. Hepatocyte auto£uorescence was
detected by running unstained cells, and only hepa-
tocytes with £uorescence higher than basal were
quanti¢ed as cells generating excess amounts of per-
oxides (MM2M peak).
2.9. Western blot analysis
After washing twice with ice-cold PBS, hepatocytes
(5U106 cells) were suspended in 500 Wl of bu¡er A
(250 mM sucrose in 20 mM HEPES^KOH (pH 7.4),
10 mM KCl, 1 mM MgCl2, 1.5 mM EDTA, 1.5 mM
EGTA, 1 mM DTT, 0.5 mM PMSF, 10 Wg/ml leu-
peptin, 10 Wg/ml pepstatin, and 10 Wg/ml aprotinin)
and incubated on ice for 20 min. Cells were disrupted
with 10 strokes in a glass Dounce homogenizer. The
samples were centrifuged at 800Ug at 4‡C for 10 min
and the supernatants were further centrifuged for 15
min at 22 000Ug. The resulting supernatants were
ultracentrifuged at 100 000Ug for 1 h and saved as
cytosolic extracts at 380‡C (S-100) [34].
Protein concentration was determined according to
Bradford’s assay (Roti-Quant, Roth) with bovine se-
rum albumin as standard. Ten Wg protein of each
sample were subjected to 15% sodium dodecyl sul-
fate^polyacrylamide gel electrophoresis (SDS^
PAGE) at 100 V for 1 h at 4‡C, followed by transfer
to a nitrocellulose ¢lter. Non-speci¢c binding was
blocked with 10 mM Tris^HCl (pH 7.5), 100 mM
NaCl, and 0.1% Tween 20 (TBS-T) containing 5%
non-fat milk. Mouse monoclonal anti-cytochrome c
antibody (7H8.2C12, PharMingen) at 1:1000 dilution
in TBS-T containing 1% non-fat milk and horserad-
ish peroxidase-conjugated anti-mouse IgG at 1:5000
dilution as the secondary antibody were used. After
intensive washing with TBS-T, immunoreactive
bands were visualized with an enhanced chemilumi-
nescence kit (Super-Signal, Pierce, Rockford, IL,
USA).
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2.10. Activity of caspase-3
Cells (4.5U105) in 32-mm dishes were exposed to
reoxygenation after 3 h hypoxia. At the indicated
time, the medium was aspirated. The cells were
washed twice with ice-cold PBS. Then 100 Wl of hy-
potonic bu¡er (20 mM PIPES^KOH (pH 7.4), 10
mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 2.5 mM
EGTA, 0.1% CHAPS, 5 mM DTT, 0.5 mM PMSF,
10 Wg/ml leupeptin, 10 Wg/ml pepstatin, and 10 Wg/ml
aprotinin) were added and the samples were frozen
immediately. After thawing, the cells were scraped
o¡ the plates and the cell suspension was transferred
into microcentrifuge tubes. After four cycles of freez-
ing and thawing, cell debris were removed by centri-
fugation at 15 000Ug at 4‡C for 20 min and the
supernatant used as cell lysate [35].
Activities of caspase-3 were evaluated by measur-
ing proteolytic cleavage of the £uorogenic substrate
Ac-DEVD-AMC [36]. Brie£y, cell lysate (40 Wg of
protein) was added into assay bu¡er (50 mM
PIPES^KOH (pH 7.4), 50 mM KCl, 1 mM EDTA,
1 mM EGTA, 0.1% CHAPS, 10 mM DTT, 10%
sucrose, and 0.1 mg/ml ovalbumin) containing 50
WM Ac-DEVD-AMC in a ¢nal volume of 50 Wl.
The reaction mixture was incubated at 37‡C for 1 h.
The amounts of AMC released were measured using
a Perkin-Elmer spectro£uorimeter 2B (excitation:
380 nm; emission: 460 nm). One unit was de¢ned
as the amount of enzyme required to release 1 pmol
of AMC per min at 37‡C.
3. Results
Before reoxygenation the rat hepatocytes were ex-
posed to gas hypoxia by argon/CO2. Argon with its
solubility in water and its high density leads to a
more rapid and nearly complete removal of oxygen
than nitrogen [22]. Hypoxia led to only slightly en-
hanced apoptotic cell death (Fig. 1). Appreciable ne-
crosis (approximately 30%) occurred only then when
the oxygen deprivation was extended to more than
7 h. For the reoxygenation experiments a hypoxic
period of 3 h was found to be su⁄cient. Thus most
of the reoxygenation e¡ects were observed before
hypoxia alone provoked signi¢cant cell demise. Re-
oxygenation of hypoxic rat hepatocytes induced an
increase of apoptotic cell death (Fig. 1). When glu-
cose-fed hepatocytes were ¢rst exposed to a 3-h hyp-
oxia and then reoxygenated, approximately 18% died
with apoptosis. Using fructose as sole carbon source
in the incubation medium, only 9% apoptotic cells
were found, i.e., fructose limited apoptosis to ap-
proximately 50% of its rate in the presence of glu-
cose. The values of the reoxygenation phase shown
in Fig. 1 contain a basal portion of 20^25% from the
hypoxic period. They represent lower limits because
of phagocytosis of some apoptotic cells by healthy
neighbors. Necrosis was only of minor importance
during reoxygenation.
The application of 20 mM fructose instead of 5.5
mM glucose as glycolytic substrate caused a series of
metabolic alterations in the hepatocytes (Fig. 2). Al-
Fig. 1. E¡ects of glucose or fructose on apoptosis during cycles
of normoxia, hypoxia, and reoxygenation. Rat hepatocytes were
cultured in DMEM containing either 5.5 mM glucose (open
bars) or 20 mM fructose (cross-hatched bars) as sole carbon
source. Before the onset of hypoxia, the cells were preincubated
for 30 min under aerobic conditions and were then incubated
in an anaerobic box under a gaseous atmosphere of Ar/CO2
95:5 vol.%. After 3 h of hypoxia, reoxygenation was achieved
by refeeding with fresh medium and further cultivation under
normoxia. Apoptosis and cell death are given as percentages of
total cells. Values shown represent mean þ S.D. of four experi-
ments.
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ready within the ¢rst few minutes of incubation with
fructose, the intracellular ATP level fell below 50%
of the concentration measured in controls cultured
with glucose. Recovery of ATP occurred only slowly
with time, without that the initial levels were reached
again. The increase of the concentration of ADP was
smaller than the ATP decrease (Fig. 2A). Thus the
ATP/ADP ratio increased with time and approached
7 in the presence of fructose while incubation with
glucose led to an ATP/ADP ratio of about 15 (Fig.
2B). Lactate production was enhanced 3-fold with
fructose as substrate instead of glucose (Fig. 2C
and Table 1).
After prolonged severe hypoxia lactate production
was doubled in the presence of glucose, but only 20%
increased when fructose served as a substrate (Fig.
3C and Table 1). In hypoxic glucose-cultured hepa-
tocytes the intracellular ATP concentration de-
creased to about 50% of the level found in normoxic
controls and persisted (Fig. 3A). In fructose-cultured
hepatocytes preincubated for 0.5 h with the substrate
before hypoxia (compare with Fig. 2), the drop of
the intracellular ATP concentration was more pro-
nounced. During hypoxia the ADP concentrations
did not signi¢cantly change when glucose served as
substrate, whereas with fructose ADP levels in-
creased with time. The ATP/ADP ratio approached
11 in glucose-cultured hepatocytes (Fig. 3B) but went
down to 2 in fructose-fed cells indicating a more
compromised energy state in fructose-cultured hepa-
tocytes during severe hypoxia.
To further explore the mechanism of the protective
e¡ect of fructose against reoxygenation-induced ap-
optosis the cellular redox state was modi¢ed by ma-
nipulation of the incubation medium. After hypoxia
for 3 h and either short or prolonged reoxygenation,
cells were analyzed with respect to the occurrence
and nature of cell death. Substituting fructose for
glucose reduced apoptotic cell death after short-
time reoxygenation e⁄ciently but was only of limited
e¡ect after prolonged restoration of oxygen supply
(Fig. 4). A similar but weaker e¡ect could be
achieved with tagatose instead of glucose. In order
to estimate the strongest possible inhibition of reoxy-
Table 1
E¡ects of the carbon source in the medium and the cellular re-
dox state on the lactate production during hypoxia and reoxy-
genation
Culture medium Lactate production (medium)
(nmol/hU106 cells)
Normoxia Hypoxia
Glucose (5.5 mM) 0.07 þ 0.005 0.15 þ 0.01
Fructose (20 mM) 0.20 þ 0.015 0.25 þ 0.02
Tagatose (20 mM) n.d. 0.18 þ 0.02
Glucose+NAC (1 mM) n.d. 0.13 þ 0.01
Glucose+GSH (2 mM) n.d. 0.13 þ 0.01
Rat hepatocytes were cultured in DMEM containing either 5.5
mM glucose or 20 mM ketohexose as sole carbon source. The
cells were exposed to prolonged strong hypoxia for 3 h. Each
value represents the mean þ S.D. of three determinations. n.d.,
not determined.
Fig. 2. Time courses of the intracellular levels of adenine nu-
cleotides, the ATP/ADP ratio, and lactate formation in depen-
dence on the carbohydrate source under aerobic conditions.
Rat hepatocytes were cultured in DMEM containing either 5.5
mM glucose (open symbols) or 20 mM fructose (closed sym-
bols) as unique carbon source. (A) ATP (squares) and ADP
(triangles) concentrations, (B) ATP/ADP ratio (circles), (C) lac-
tate formation (triangles). P indicates the period of preincuba-
tion. Values shown represent mean þ S.D. of three experiments.
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genation-induced apoptosis antioxidants, either
1 mM NAC or 2 mM GSH, were added to the stan-
dard medium with glucose. In relation to short-time
reoxygenation both antioxidants had a similar e¡ect
on apoptosis as the ketohexoses. However, in con-
trast to the ketohexoses, they suppressed apoptosis
also after long-time reoxygenation.
Table 2
E¡ects of glucose or fructose on the cellular glutathione content during hypoxia and after reoxygenation
Cellular glutathione (nmol/106 cells)
Normoxia Hypoxia Reoxygenation
Glucose (5.5 mM) 35.1 þ 3.2 7.3 þ 2.0 5.8 þ 2.0
Fructose (20 mM) 32.3 þ 3.2 24.2 þ 2.0 19.4 þ 2.6
Glucose+NAC (1 mM) 37.5 þ 3.8 40.4 þ 4.0 39.5 þ 4.0
Rat hepatocytes were cultured in glc-DMEM or in fru-DMEM. The cells were exposed either to prolonged strong hypoxia for 5 h or
to 3 h hypoxia and subsequent reoxygenation for 1 h. The cellular content of total glutathione was determined by the recycling meth-
od of Tietze [27]. Cellular glutathione of normoxic controls grown in medium 199 was 36.3 þ 2.6 nmol/106 cells. The values shown
represent mean þ S.D. for three experiments.
Fig. 4. E¡ects of the carbohydrate source of the culture me-
dium and the cellular redox state on apoptosis during reoxyge-
nation. Rat hepatocytes were cultured in DMEM containing
di¡erent additives (Glc, 5.5 mM glucose; Fru, 20 mM fructose;
Tag, 20 mM tagatose; Glc+NAC and Glc+GSH, 5.5 mM glu-
cose containing 1 mM NAC and 2 mM GSH, respectively).
The cells were preincubated for 30 min under aerobic condi-
tions and then incubated in an anaerobic box under a gaseous
atmosphere of Ar/CO2 95:5 vol.%. After 3 h of hypoxia, reoxy-
genation (for 3.5 and 24 h, respectively, as indicated) was
achieved by refeeding with fresh medium and further cultivation
under normoxia. Apoptosis and cell death are given as percen-
tages of total cells. Values shown represent mean þ S.D. of three
experiments.
Fig. 3. E¡ects of glucose and fructose on the intracellular levels
of adenine nucleotides, the ATP/ADP ratio, and lactate forma-
tion during prolonged strong hypoxia. Rat hepatocytes were
cultured in DMEM containing either 5.5 mM glucose (open
symbols) or 20 mM fructose (closed symbols) as unique carbon
source. Before the onset of hypoxia, the cells were preincubated
for 30 min under aerobic conditions and were then incubated
in an anaerobic box under a gaseous atmosphere of Ar/CO2
95:5 vol.%. (A) ATP (squares) and ADP (triangles) concentra-
tions, (B) ATP/ADP ratio (circles), (C) lactate formation (trian-
gles). Values shown represent mean þ S.D. of three experiments.
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Fig. 5. E¡ects of glucose or fructose on the intracellular generation of peroxides during reoxygenation. Rat hepatocytes were cultured
in DMEM containing 5.5 mM glucose, 5.5 mM glucose plus 1 mM NAC, or 20 mM fructose. The cells were preincubated for 30 min
under aerobic conditions (aerobic control) and then incubated in an anaerobic box under a gaseous atmosphere of Ar/CO2 95:5
vol.%. After 3 h of hypoxia, reoxygenation was achieved by refeeding with fresh medium and further cultivation under normoxia.
Cells were analyzed at the indicated times of reoxygenation. After treatment, the cells were harvested and incubated with 5 WM
DCFH-DA in 2 ml PBS at 37‡C for 30 min. Dead cells were excluded by staining with PI. Peroxide content was estimated by means
of £ow cytometry by measuring the DCF £uorescence with FL1-H channel against the number of cells. (A) Histograms of a represen-
tative experiment. (B) Results, expressed as arbitrary units, are the mean þ S.D. of three independent experiments.
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The similarity of the anti-apoptotic e¡ects of the
ketohexoses and the antioxidants prompted us to
study the in£uence of fructose on the glutathione
status of hepatocytes under oxidative stress. The in-
tracellular level of total glutathione of control cells
cultured normoxically with glucose amounted to 36
nmol glutathione/106 cells, with less than 2% being in
the oxidized form. Exposure to sustained strong hyp-
oxia and subsequent reoxygenation reduced the in-
tracellular glutathione level to approximately 20% of
normoxic controls in glucose-fed, but only to 65% in
fructose-fed hepatocytes (Table 2).
Reoxygenation is associated with an excess pro-
duction of ROS [10,13]. As a consequence of their
elevated glutathione level fructose-fed hepatocytes
were expected to be superior to glucose-fed cells in
degrading of enhanced concentrations of ROS. By
this the apoptotic pathway should be inhibited. To
probe for the concentration of ROS glucose- and
fructose-cultured hepatocytes were labeled with
DCFH-DA [12,33]. After di¡usion into the cells,
DCFH is formed by esterases and oxidized by intra-
cellular hydrogen peroxide to the highly £uorescent
compound 2P,7P-dichloro£uorescein (DCF). By £ow
cytometry the cells were analyzed with respect to
their ROS content. Fig. 5A shows the histograms
in which £uorescence of DCF, detected with the
FL1-H channel, is plotted against the number of
cells. The peak MM2M of intense DCF £uorescence
de¢nes the cells containing an enhanced hydrogen
peroxide concentration. Reoxygenation of previously
hypoxic hepatocytes caused an enlargement of the
MM2M region in comparison to normoxic controls
with glucose. This e¡ect was most pronounced with
glucose-fed cells after short-time reoxygenation (0.5
h). When hepatocytes were incubated with fructose
the MM2M peak was signi¢cantly smaller indicating
that less cells contained excess peroxides. This e¡ect
was as strong as that achieved with NAC in glucose-
fed cells. After 2.5 h reoxygenation, the peroxide
formation ceased and the di¡erences between the
two substrates decreased. The relative increase of
peroxide production normalized to that of aerobic
controls with glucose is illustrated in Fig. 5B. Stain-
ing of the rat hepatocytes with DCFH-DA or with
dihydrorhodamine directly in the di¡erent incubation
media already during reoxygenation yielded similar
results (data not shown).
To prove whether the e⁄cacy of fructose in pro-
tecting hepatocytes is actually mediated by increasing
GSH which then attenuates the ROS formation fol-
lowing hypoxia^reoxygenation the intracellular GSH
level was decreased to 50% of aerobic controls by
pretreatment of the cells with 0.5 mM BSO for 4 h
[37]. Cells supplemented with fructose showed after
short-time reoxygenation signi¢cant less cells with
apoptotic nuclear morphology or necrosis than glu-
cose-cultured cells (Fig. 6). Early and terminal apo-
ptotic cells were equally distributed. An experimental
reduction of the cellular GSH content before hypox-
ia^reoxygenation of fructose-supplemented hepato-
cytes by pretreatment with BSO abolished the pro-
tection by fructose. Apoptosis increased nearly to
values observed with glucose-cultured cells. The por-
tion of terminal apoptotic nuclei increased to 80%. A
total of 36.5% of the cells died by necrosis in com-
parison to 6% in fructose-cultured and 14% in glu-
cose-fed cells.
Under conditions of reoxygenation after hypoxia,
substituting fructose for glucose in the incubation
medium had no e¡ect on the glutathione peroxidase
Fig. 6. E¡ect of buthionine sulfoximine on apoptosis during re-
oxygenation. Rat hepatocytes were pretreated with 0.5 mM
BSO in glc-DMEM for 4 h. After that, the cells were further
cultured in fru-DMEM with 0.5 mM BSO throughout the ex-
periment. The cells were preincubated for 30 min under aerobic
conditions and then incubated in an anaerobic box under a gas-
eous atmosphere of Ar/CO2 95:5 vol.%. After 3 h of hypoxia,
reoxygenation for 3.5 h was achieved by refeeding with fresh
medium and further cultivation under normoxia. Cells cultured
in DMEM containing either 5.5 mM glucose or 20 mM fruc-
tose as sole carbon source were previously grown in glc-
DMEM without BSO. Total apoptosis, terminal apoptosis
(gray bars) and cell death (cross-hatched bars) are given as per-
centages of total cells. Values shown represent mean þ S.D. of
three experiments.
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activity and increased glutathione reductase activity
by 20% (data not shown).
Various K-ketoacids such as pyruvate, K-ketobuty-
rate, and K-ketoglutarate can react with hydrogen
peroxide [38]. To prove the ability of fructose to
scavenge ROS formation 20 mM fructose were incu-
bated with 200 WM hydrogen peroxide in potassium
phosphate bu¡er at pH 7.4. Twenty mM fructose
failed to degrade hydrogen peroxide as did lactate,
glucose, and tagatose in further control experiments.
As a consequence of the lower ROS content the
mitochondrial damage induced by oxidative stress
was expected to be reduced in fructose-fed cells com-
pared to those cultured on glucose. Mitochondrial
disintegration is associated with a release of cyto-
chrome c. By Western blotting it was found that
the occurrence of cytochrome c in the cytosol was
signi¢cantly reduced in reoxygenated cells cultured
with fructose (Fig. 7).
Since cytochrome c is an essential component of
the apoptosome, its delayed release in fructose-fed
cells was expected to be accompanied by a lowered
activity of the executionary caspases. In hepatocytes
cultured with either glucose or fructose only very low
activities of caspase-3 were observed under normoxic
conditions. Reoxygenation of hypoxic cells provoked
an increase of caspase-3 activity up to values ob-
served after stimulation with 1.2 WM staurosporine
(160 U/mg). This e¡ect was most pronounced be-
tween 0.5 and 1 h after restoration of oxygen supply
(Fig. 8). The caspase-3 activities in lysates prepared
from fructose-fed hepatocytes were decreased to
about 75% of those measured in extracts from glu-
cose-cultured cells.
4. Discussion
Intensive oxidative stress generated by cycles of
normoxia, oxygen deprivation and subsequent resto-
ration of the oxygen supply was found to induce
apoptosis and, to a minor extent, necrosis in cultured
rat hepatocytes [7]. The cytoprotection of ketohexo-
ses like fructose against necrosis due to hypoxia is
well established [3^5]. Recent studies have shown
that fructose can also prevent apoptosis caused by
bile acids [39] or receptor stimulation [40]. The
data presented here demonstrate for the ¢rst time
the ability of fructose to protect against apoptosis
induced by reoxygenation. Substitution of fructose
for glucose reduced apoptotic cell death to 50%.
The molecular mechanism of this e¡ect of fructose
was further studied.
Recent studies have revealed a correlation between
cellular energy metabolism and apoptosis [16^19].
Fig. 8. E¡ect of glucose or fructose on the activity of caspase-3
during reoxygenation. Rat hepatocytes were cultured in DMEM
containing either 5.5 mM glucose (open symbols) or 20 mM
fructose (closed symbols). The cells were preincubated for 30
min under aerobic conditions and then incubated in an anaero-
bic box under a gaseous atmosphere of Ar/CO2 95:5 vol.%.
After 3 h of hypoxia, reoxygenation was achieved by refeeding
with fresh medium and further cultivation under normoxia. Cell
lysates (40 Wg of protein) were incubated with 50 WM Ac-
DEVD-AMC at 37‡C for 1 h. Aerobic control: 22.8 pmol
AMC min/mg. Data shown represent mean þ S.D. of four ex-
periments.
Fig. 7. Western blot analysis of the e¡ects of glucose or fruc-
tose on the release of cytochrome c from mitochondria into the
cytosol induced by reoxygenation after hypoxia. Cytosolic pro-
teins were separated by SDS^PAGE and transferred onto nitro-
cellulose membranes. The blot was probed using a monoclonal
antibody against cytochrome c (7H8.2C12, PharMingen). Ten
Wg BSA containing 0.1, 0.05, and 0.01 Wg of cytochrome c from
horse heart (lanes 1^3). Cytosolic fractions prepared from rat
hepatocytes cultured in glc-DMEM (lanes 5, 7) or fru-DMEM
(lanes 4, 6). The cells were exposed to 3 h of hypoxia (lanes 4,
5) or 3 h of hypoxia followed by 1 h of reoxygenation (lanes 6,
7). The results shown are representative of three independent
studies.
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ATP is necessary for several steps of the apoptotic
pathway [8]. Millimolar concentrations of ATP are
required for the formation of the apoptosome, a pro-
tein complex containing cytochrome c and involved
in the processing of procaspases [19,40]. A correla-
tion between the cellular ATP content and the rate of
apoptosis was postulated [40,41]. To explain the cy-
toprotective e¡ect of fructose on hypoxic hepato-
cytes, most authors argue that the high rate of lactate
formation from the excellent glycolytic substrate
fructose increases ATP generation by substrate phos-
phorylation and thus compensates for de¢cient mito-
chondrial ATP production [3,4]. In our experiments,
a stimulation of the glycolytic £ux by fructose was
observed as was the fall of ATP induced by hypoxia.
After prolonged hypoxia lower intracellular ATP lev-
els were found in cells fed with fructose in compar-
ison to those using glucose as substrate. In contrast
to published data [4,5] even after prolonged hypoxia
no recovery of ATP was observed in fructose-fed
cells. In addition, the ATP/ADP ratio which is gen-
erally accepted as a very sensitive measure for the
cellular energy state [42] indicates a more compro-
mised bioenergetic state in hypoxic hepatocytes cul-
tured with fructose.
When rat hepatocytes are fed exclusively with glu-
cose hypoxia halves the cellular ATP level and high
apoptosis is observed during reoxygenation.
Although in hepatocytes metabolizing fructose in-
stead of glucose the fall of ATP during hypoxia is
somewhat more pronounced, there is no convincing
evidence for this ATP concentration to be already
below the threshold for some ATP-dependent apo-
ptotic steps, e.g., the formation of the apoptosome in
mouse hepatocytes [40] and renal tubular cells [41].
This assumption was supported by the fact that no
switch from apoptosis to necrosis could be observed
as described for an abrupt fall in ATP below a crit-
ical level [8]. Therefore, additional mechanisms which
may contribute to the metabolic inhibition of apo-
ptosis by fructose after oxidative stress were ex-
plored.
There is accumulating evidence for excess ROS
occurring in cells driven to apoptosis by physical or
chemical stimuli, such as hydrogen peroxide, nitric
oxide, or tumor necrosis factor alpha [7,43]. When
rat hepatocytes cultured with glucose were exposed
to hypoxia and then reoxygenated for a short time, a
pronounced rise of DCF £uorescence was observed,
indicating an overproduction of peroxides. In the
presence of fructose DCF £uorescence was signi¢-
cantly less increased. The ROS reducing e¡ect of
fructose was comparable in size to that exerted by
NAC. This antioxidant agent is well-known to act as
a scavenger of ROS and as a precursor of GSH by
providing cysteine [44]. The glutathione/glutathione
peroxidase system represents the only available de-
fense mechanism against emerging hydrogen perox-
ide in mitochondria in order to protect cellular in-
tegrity [10]. For the regeneration of reduced GSH,
NADPH is necessary which is mainly supplied by the
pentose phosphate pathway (PPP). In accordance
with that, the two rate-limiting enzymes glucose
6-phosphate dehydrogenase (G6PDH) of the oxida-
tive branch and transaldolase of the non-oxidative
branch of PPP were shown to a¡ect considerably
the susceptibility of cells to an oxidative attack
[43,45]. In rat astrocytes an inhibition of G6PDH
activity caused decreased cellular GSH levels associ-
ated with rising apoptosis [45]. In Jurkat human T
cells, enhanced transaldolase expression led to a
down-regulation of G6PDH activity, also accompa-
nied with lower GSH levels and increased apoptosis
[43]. Sugars which di¡er with respect to their utiliza-
tion through the PPP can be expected to a¡ect the
cellular GSH/GSSG status. In fact, when human ep-
ithelial cells were cultured with galactose instead of
glucose intracellular glutathione, depletion and en-
hanced apoptotic cell death were observed after an
oxidative attack by reactive nitrogen species [46].
This was explained by the restricted conversion of
galactose to glucose 6-phosphate in these cells.
We found that a pretreatment of hepatocytes with
BSO, which blocks GSH synthesis by inhibition of
Q-glutamylcysteine synthetase without producing
toxic e¡ects in cultured cells [47], abolished the e¡ect
of fructose. This supports the notion that the e⁄cacy
of fructose in protecting hepatocytes against apopto-
sis after hypoxia^reoxygenation is mediated by in-
creasing GSH which then attenuates the ROS forma-
tion following hypoxia^reoxygenation. The observed
increase of glutathione reductase in fructose-supple-
mented cells after reoxygenation is in line with this
interpretation. On the other hand, a direct scavenging
of ROS by fructose via non-enzymatic reactions could
be excluded by experiments in a cell-free system.
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The degree of suppression of apoptosis during re-
oxygenation observed when rat hepatocytes were co-
incubated with NAC or GSH allows an estimation of
the maximum e¡ect that can be achieved by antioxi-
dant agents. In the presence of NAC or GSH hepa-
tocytes were e¡ectively protected against oxidative
stress for several hours and, at least to some extent,
overnight. Fructose as sole carbon source inhibited
apoptosis induced by short-time reoxygenation
nearly as e⁄cient as NAC while tagatose, a ketohex-
ose which is metabolized in glycolysis about as fast
as glucose, was less e¡ective (Table 1). When study-
ing whether the anti-apoptotic action of fructose
might be exerted via glutathione, we found that fruc-
tose counteracts the decrease of the intracellular level
of total glutathione during oxygen deprivation and
after restoration of the oxygen supply more e⁄-
ciently than glucose. During the preincubation of
the hepatocytes under aerobic conditions with milli-
molar amounts of this sugar, fructose 1-phosphate
accumulates and numerous changes in the carbohy-
drate metabolism occur. Among them is a twofold
increase of ribose 5-phosphate [48]. This metabolite
of the non-oxidative branch of the PPP can later be
converted by transketolase and transaldolase into
glucose 6-phosphate, which may enter the oxidative
branch and thus contribute to the generation of
NADPH. Thus, during regeneration hepatocytes pre-
incubated with fructose may have an advantage over
cells cultured with glucose, since they can use the
accumulated ribose 5-phosphate as an additional
source for the generation of reducing equivalents.
Mitochondria are considered as a central check-
point within the apoptotic pathway [19]. With the
release of cytochrome c they participate in the for-
mation of the apoptosome which in turn is necessary
for the activation of caspase-3 initiating the cascade
of executionary caspases. The delayed release of cy-
tochrome c and the lower stimulation of caspase-3
after an oxidative attack to fructose-fed hepatocytes
in comparison to glucose-fed cells are consistent with
the observed inhibition of apoptosis.
In summary, the presented data support the notion
that fructose preferentially suppresses apoptosis in
hepatocytes after an oxidative attack by its potency
to form additional NADPH for the regeneration of
GSH via stimulation of PPP with the consequence of
a drastic reduction of cellular ROS. The approach
followed in this paper provides evidence that nu-
trients which favor de¢ned routes of carbohydrate
metabolism may e¡ectively strengthen the cellular
defense against oxidative stress.
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